Abstract
Biological changes that occur during metastatic progression of breast cancer are still incompletely characterized. In this study, we compared intrinsic molecular subtypes and gene expression in 123 paired primary and metastatic tissues from breast cancer patients. Intrinsic subtype was identified using a PAM50 classifier and Chi-square tests determined the differences in variable distribution. The rate of subtype conversion was 0% in basal-like tumors, 23.1% in HER2-enriched (HER2-E) tumors, 30 .0% in luminal B tumors and 55.3% in luminal A tumors. In 40.2% of cases, luminal A tumors converted to luminal B tumors, whereas in 14.3% of cases luminal A and B tumors converted to HER2-E tumors. We identified 47 genes that were expressed differentially in metastatic versus primary disease. Metastatic tumors were enriched for proliferationrelated and migration-related genes and diminished for luminal-related genes.
Expression of proliferation-related genes were better at predicting overall survival in metastatic disease (OSmet) when analyzed in metastatic tissue rather than primary tissue. In contrast, a basal-like gene expression signature was better at predicting OSmet in primary disease compared to metastatic tissue. We observed correlations between time to tumor relapse and the magnitude of changes of proliferation, luminal B or HER2-E signatures in metastatic versus primary disease. Although the intrinsic subtype was largely maintained during metastatic progression, luminal/HER2-negative tumors acquired a luminal B or HER2-E profile during metastatic progression, likely reflecting tumor evolution or acquisition of estrogen independence. Overall, our analysis revealed the value of stratifying gene expression by both cancer subtype and tissue type, providing clinicians more refined tools to evaluate prognosis and treatment.
Introduction
Despite new systemic treatment advances, metastatic breast cancer is still an incurable disease and a major cause of cancer death (1) . Median overall survivals of patients with triple-negative, hormone receptor (HR)-positive/HER2-negative and HER2-positive diseases are ∼12, ∼20 and ∼56 months, respectively (2) (3) (4) (5) . Thus, there is a need to better understand the biology behind the progression of tumor cells towards metastasis. To date, evidence suggests that both intrinsic properties of breast cancer cells and host organ microenvironment participate actively to this matter (6) .
In general, detectable distant breast cancer metastases occur years, or even decades, after primary tumor diagnosis. These secondary lesions are believed to originate from disseminated tumor cells that underwent a period of dormancy (7) .
Tumor dormancy is the result of equal rates of cell proliferation and cell death (8) .
However, the molecular factors that promote the formation of detectable metastasis from disseminated tumor cells are largely unknown. To try to approach it, studies have started to identify the molecular differences between primary tumor and their matched metastatic lesions (9) . At the DNA level, although significant differences have been observed, the vast majority (80-85%) of molecular alterations are similar in both settings. For example, the discordance of HER2 gene amplification by FISH in primary versus metastatic tissue is 3-10% (10). Similarly, at the protein level, estrogen and progesterone receptors by immunohistochemistry (IHC) are discordant in 13-28% of the cases (11) . Overall, these results suggest that minor but important molecular changes occur during metastatic progression such as ESR1 mutations (12) .
In terms of global gene expression, 4 main molecular subtypes (Luminal A, Luminal B, HER2-enriched [HER2-E] and Basal-like), and a normal breast-like group, have been identified and intensively studied for the last 15 years in early breast cancer (13) (14) (15) (16) . Known as the 'intrinsic subtypes of breast cancer', these groups of tumors have revealed critical differences in incidence (17, 18) , survival (19) (20) (21) , and response to treatment (22, 23 Recently, we evaluated the prognostic value of the intrinsic subtypes in 821 samples from a phase 3 clinical trial, where postmenopausal patients with metastatic HR+ breast cancer were treated with first-line letrozole +/-lapatinib (26). The vast majority of samples ( ∼80%) were from the primary tumor years before the patient relapsed. Interestingly, we observed that intrinsic subtype provided the largest amount of prognostic information in this setting beyond HER2 status, treatment, visceral disease and other clinical-pathological variables. Overall, these results suggested that intrinsic subtype does not change substantially when recurrence occurs.
Methods and Material

Study population
This retrospective study included non-consecutive female patients over the age of 18 with a histological diagnosis of metastatic breast cancer detected at the time of 
Gene expression analysis
All primary and metastatic tissues were analysed using the same methodology.
A section of FFPE breast tissue was first examined with a hematoxylin and eosin staining to confirm the diagnosis and determine the tumour surface area. For RNA purification, three 10μm FFPE slides were cut for each tumour, and macrodissection was performed, when needed, to avoid normal breast contamination. A minimum of ∼100 ng of total RNA was used to measure the expression of 105 breast cancer-related genes and 5 house-keeping genes (ACTB, MRPL19, PSMC4, RPLP0 and SF3A1) using the nCounter platform (Nanostring Technologies, Seattle, WA, US) (27). Data was log base 2 transformed and normalized using the house-keeping genes. Raw data have been deposited in the Gene Expression Omnibus under the accession number GSE92977.
Gene list
The list of 105 breast cancer-related genes includes genes from the following 3 signatures: PAM50 intrinsic subtype predictor (n=50) (28), Claudin-low subtype predictor (n=43) (29) , VEGF/Hypoxia signature (n=13) (30) . In addition, we included 8 individual genes that have been found to play an important role in breast cancer (i.e. CD24 (29) , CRYAB (31), ERBB4 (32), PIK3CA (13), PTEN (13), RAD17 (33), RAD50 (33) , and RB1 (13)). The complete list of genes can be found in (Table S1 ).
Intrinsic subtype
All tumors were assigned to an intrinsic molecular subtype of breast cancer (Luminal A, Luminal B, HER2-E, and Basal like) and the Normal-like group using the previously reported PAM50 subtype predictor (28) .
Claudin-low intrinsic subtype
We applied the previously reported 9-Cell line claudin-low predictor (29) . A sample was identified as Claudin-low independently of the PAM50 subtype call, as previously reported.
Gene signatures
The expression of 10 independent signatures was evaluated as a continuous variable. The PAM50 predictor calculates, for each sample, the correlation coefficient to each of the 5 PAM50 centroids (Luminal A, Luminal B, Basal-like, HER2-enriched and Normal-like). Each centroid was considered a single signature. In addition, the PAM50 predictor outputs a Risk Of Recurrence (ROR) score at 10-years. The ROR score based on subtype (ROR-S) and subtype and proliferation (ROR-P) were developed in a microarray-based cohort of node-negative, untreated early breast cancer (34) . In addition, we evaluated the following 3 signatures: proliferation score, which is the mean expression of 11 proliferation-related genes (21), VEGF/Hypoxia signature (30) , which is the mean expression of 13 hypoxia-related genes, and Claudin-low signature (29) (as a continuous variable).
Statistical analysis
Chi-square tests were performed to determine the differences in the distribution of variables. To identify genes whose expression was significantly different between paired primary and metastatic samples, we used a paired two-class Significance of Microarrays (SAM) with a False Discovery Rate (FDR) <5% (35) . Biologic analysis of gene lists was performed with DAVID annotation tool (http://david.abcc.ncifcrf.gov/) (36) . Time to tumor recurrence (TTR) was defined as the period of time from surgery to the date of the first distant relapse. Overall survival from metastatic disease (OSmet) was defined as the period of time of metastatic disease to death or last follow-up.
Estimates of survival were from the Kaplan-Meier curves and tests of differences by the log-rank test. Univariate Cox-models were used to test the independent prognostic significance of each variable. All statistical computations were carried out in R v2.15.1 (http://cran.r-project.org). All statistical tests were two sided, and the statistical significance level was set to less than 0.05.
Results
Clinical-pathologic characteristics
A total of 123 patients were included ( Table S2 ). The median age at breast cancer diagnosis was 52.5 years (range, 28-90). In primary disease, the immunohistochemical analyses showed 73.17% (n=90) of patients had HR-positive (HR+), 15.45% (n=19) HER2-positive (HER2+) and 9.76% (n=12) triple-negative disease. In metastatic disease, 69.92% (n=86) of patients had HR+, 19.51% (n=24) HER2+ and 9.76% (n=12) triple-negative disease. No significant differences (p>0.502) were observed in the distribution of the three IHC groups in primary vs. metastatic disease. Fourteen patients (11.38%) presented with de novo metastatic disease. Median follow-up and OSmet were 76.5 and 84 months, respectively (Fig. S1) .
Type of metastatic tissues
The organs of origin of the metastatic biopsies analysed in this study were skin (n=35; 28.4%), lymph nodes (n=24; 19.5%), liver (n=20; 16.3%), bone (n=16; 13%), lung (n=7; 5.7%), ovarian and peritoneum (n=7; n=5.7%), pleural (n=6; 4.9%) and others (n=8; 6.5%), including brain, pericardial fluid and colon metastases (Fig. S2) .
Subtype distribution
The distribution of the PAM50 intrinsic subtype classification in primary tumor vs. metastatic disease was 39% vs. 26% for Luminal A (p=0.029), 26% vs. 35.8% for Luminal B (p=0.097), 11.4% vs. 22% for HER2-E (p=0.026) and 9.8% vs. 12.2% for Basal-like tumors (p=0.540) (Fig. 1) . Individually, subtype concordance was high for Basal-like (100%), HER2-E (76.9%) and Luminal B (70.0%) tumors ( Table 1) .
Regarding Luminal A primary tumors, 44.7% remained Luminal A in the metastasis, switching to Luminal B in 40.4% and HER2-E in 14.9% of the cases. Overall, primary luminal tumors (A and B combined) changed to a HER2-E in 14.28%, despite 81% of them being clinically HER2 negative. Cohen's kappa coefficient was 0.38 (95% CI 0.27 to 0.5, p<0.001). These results were not affected when the Claudin-low classification was investigated since no Claudin-low tumor was identified in this series. Finally, we observed that liver and lung metastases showed the highest and lowest subtype conversion rate (75% and 14%), respectively. However, these results by site of metastasis need further validation due to the small sample sizes (Table S3) .
Expression changes of individual signatures
We evaluated the expression changes of each individual signature between primary and their metastatic samples. Luminal A and normal-like signatures were found significantly less expressed in metastatic tumors than in primary tumor (Fig. 2) . In contrast, Luminal B, HER2-E and proliferation signatures were found more expressed in metastatic tumors than in primary tumors. Finally, the expression of Basal-like, VEGF/Hypoxia and Claudin-low signatures was similar between primary and metastatic disease (Fig. 2) .
Expression changes of individual genes
Among 105 breast cancer-related genes, 16 and 31 genes were found up-and down-regulated in metastatic tissues compared to primary tissues (FDR<5%) ( Table   2 ). The up-regulated gene list was enriched for genes involved in survival and migration (e.g. FGFR4), cell cycle (e.g. CDC6 and CCNB1) and DNA repair (e.g. TYMS). The down-regulated gene list was enriched for genes involved in response to hormone stimulus (e.g. BCL2 and PGR) (Fig. 2) , differentiation (e.g. GATA3) and chromatin regulation (e.g. CXXC5).
A similar analysis was performed within each of the subtypes identified in primary disease. Concordant with the subtype changes, 25, 8, 7 and 0 genes were found differentially expressed in Luminal A, Luminal B, HER2-E and Basal-like primary disease, respectively, compared to metastatic disease (Table S4) .
Association with overall survival
We evaluated the ability of the 10 signatures to predict OSmet in primary (Fig.   3A) vs. metastatic (Fig. 3B) disease. Interestingly, no signature consistently predicted OSmet in both primary and metastatic disease. In primary disease, Basal-like signature was found associated with worse outcome (Hazard ratio = 1.50, p=0.007), while the VEGF/Hypoxia signature was associated with a better outcome (Hazard ratio = 0.65, p=0.016). In metastatic disease, proliferation was found associated with worse outcome (Hazard ratio 1.40, p=0.047).
These results suggested that OSmet might be better predicted by measuring either the primary tumor or the metastatic tumor depending on the biological process (e.g. proliferation) being evaluated. To further explore this, we evaluated the ability of each individual gene to predict OSmet in primary vs. metastatic disease. Among 105 genes, 14 and 10 genes were found associated with OSmet in primary and metastatic disease, respectively. Interestingly, only 1 gene (GATA3) consistently predicted favorable outcome in both settings (Fig. 4) . In primary disease, high expression of 13 of the 14 genes was found associated with better outcome. These 13 genes (e.g. PGR, ESR1 and FOXA1) were mostly tracking luminal-related biological processes. On the contrary, high expression of 8 of the 10 genes in metastatic disease was found associated with worse outcome. These 8 genes (e.g. MYC, CCNE1 and CCNB1) were mostly tracking cell cycle/proliferation-related biological processes.
Finally, we explored the ability of each gene signature to predict OSmet in patients with tumors with no subtype conversion (n=59) versus patients with tumors without subtype conversion (n=49). The results revealed that in patients with no subtype conversion, the associations of signatures with OSmet were very similar when the primary or the metastatic tumors were evaluated. In patients with subtype conversion, the associations of signatures with OSmet were generally different when the primary or the metastatic tumors were evaluated. Among them, the HER2-E signature was found significantly associated with poor outcome (Hazard ratio = 1.86, p=0.046) when evaluated in metastatic tumors but not when evaluated in primary disease (Fig. S3) .
Magnitude of gene expression changes vs. time to tumor recurrence
To evaluate if the gene expression changes observed in metastatic tissues are a reflection of tumor evolution over time, we plotted the magnitude of change of the expression of each signature versus time to tumor recurrence (TTR) (Fig. 5) 
Discussion
Here, we explored RNA-based expression differences between paired primary and metastatic breast tumors and made the following observations: 1) intrinsic molecular subtype is largely maintained during metastatic recurrence, except for luminal A disease which converted to Luminal B and HER2-enriched in 55% of the cases; 2) metastatic tissues show higher expression of proliferative and lower expression of luminal-related genes compared to primary tumors, except for Basal-like disease which seems to be very stable from a RNA-based perspective; 3) different biological processes can predict overall survival from recurrence when evaluated in primary vs. metastatic disease; 4) an intriguing relationship seems to exist between the time taken to develop detectable metastases and the aggressiveness of the tumor, indicating that a tumor might evolve towards a more aggressive phenotype as time evolves.
Previous studies have evaluated the rates of change of the three classical pathological biomarkers (i.e. ER, PR and HER2) between primary and metastatic tumors (37, 38) . Overall, the rates of ER, PR and HER2 conversion were 13%, 28% and 3-10%, respectively (11) . Among the 3 genes, we also observed PGR as the top Similar to prior studies looking at DNA alterations, we did not identify large absolute expression changes at the RNA level between primary and metastatic disease.
Nonetheless, 47 genes were found differentially expressed, mostly within luminal A/B disease. Among them, FGFR4 was detected as the top upregulated gene in metastatic disease. Interestingly, this gene is found in the PAM50 gene list and its overexpression is characteristic of the HER2-E intrinsic subtype. Fibroblast growth factor receptors are involved in development, differentiation, cell survival, migration, angiogenesis and carcinogenesis (44) . Dimerization of the receptor leads to intracellular phosphorylation of receptor kinase domains and intracellular signal transduction, including RAS/RAF/MEK and PI3K/AKT pathways (45) . These evidences suggest that FGFR4 could drive the HER2-E phenotype in metastatic lesions with a HER2-negative/HER2-E profile. Indeed, we observed that the 8 patients whose tumors changed from Luminal A/B in primary disease to HER2-E in metastasic disease showed an increase in FGFR4 expression but not ERBB2 expression (Fig. S4) . Of note, HER2-E subtype has been associated with estrogen-independent growth and poor outcome in patients with HR+/HER2-negative breast cancer treated with anti-estrogens (46, 47) . Further mechanistic studies are needed to elucidate the role of FGFR4 in metastatic disease.
Currently, large phase III clinical trials, especially within HR+/HER2-negative disease, are not taking into account this biological heterogeneity such as proliferation which is not well captured by HR and HER2 statuses. For example, patients with a Luminal A profile following endocrine therapy might be treated with second-line endocrine therapy while those that change to a HER2-negative/HER2-E or Luminal B profile might be treated with chemotherapy or other novel combinatory strategies such as endocrine therapy and CDK4/6 inhibition. Overall, this result suggests that, although there is some stability of the intrinsic subtype, ∼40% of the tumors will change subtype, highlighting the need to biopsy metastatic disease in order to better understand the clinical and biological evolution of a tumor.
Another interesting observation was the significant correlation between the magnitude of gene expression changes of various signatures between primary and metastasis disease and the time from diagnosis to tumor recurrence. Specifically, we observed that the longer the time to recurrence, the more aggressive the tumors become based on proliferation and expression of luminal genes. This suggests that there is an intrinsic evolution of tumor cells towards a more aggressive phenotype as time elapses.
However, the correlation coefficients were weak and thus the magnitude of gene expression changes might also be explained by other variables such as the treatments received in (neo)adjuvant setting.
This study has several limitations worth noting. First, this is a retrospective study using tumor samples from different hospitals and a selection bias is plausible.
Second, patients received different adjuvant and/or metastatic systemic treatments and thus we could not evaluate treatment effects on tumor biology or survival. However, subtype conversion of the 14 patients with de novo metastatic disease was found to be 57.1%, suggesting that subtype conversion is independent of treatment effects. More studies are needed to address this particular question. Third, metastatic tumor biopsies were not always collected at the time of the diagnosis of recurrent disease. Fourth, we did not analyse DNA mutations such as ESR1 whose incidence is known to increase during tumor progression (12) . Further studies will be able to evaluate if the gene expression changes observed during progression of luminal breast cancer are related to the appearance of ESR1 mutations. 
